A clear understanding of the reactions and phase changes that occur during the processing of a material is vital if we want to be able to achieve the best properties. 
I. INTRODUCTION
Because of their excellent intrinsic magnetic properties, SmFeN magnets, which were first reported in 1991, 1 are finding a niche in the market for high-energy permanent magnets. A number of companies in Japan are now offering a variety of SmFeN grades. 2 However, because of their instability at temperatures above 500°C, where they decompose into ␣ Fe and SmN, these grades are limited to bonded magnets. The most common processes used for the preparation of the highly coercive powder for SmFeN bonded magnets are mechanical alloying ͑with the possibility of an enhanced remanence as a result of exchange coupling͒, 3 and melt spinning, 4 however, the hydrogenation-disproportionationdesorption-recombination ͑HDDR͒ process 5, 6 also shows considerable promise.
The HDDR process used for the preparation of highly coercive powders is based on the reaction of the alloy with hydrogen at different temperatures. The addition of a third element to the system can cause significant changes in the behavior of the material with respect to hydrogen: Ga, 7 Zr, 8 or Nb ͑Ref. 9͒ have been observed to stabilize the Sm 2 Fe 17 -type phase against disproportionation.
In this article, we will attempt to highlight and explain the differences in the hydrogen adsorption-desorption behaviors of the Sm 13.7 Fe 86.3 ͑SmFe͒ and Sm 13.8 Fe 82.2 Ta 4.0 ͑SmFeTa͒ alloys, which arise from the different microstructures and the phase compositions.
II. EXPERIMENTAL PROCEDURES
The Sm 13.7 Fe 86.3 ͑SmFe͒ and Sm 13.8 Fe 82.2 Ta 4.0 ͑SmFeTa͒ materials were produced in the form of 5-kg inductionmelted cast ingots by Less Common Metals, Ltd. Our samples for the vibrating-sample magnetometer ͑VSM͒ measurements were prepared by attritor milling a few grams of the as-cast alloys in an argon atmosphere for 15 min, so as to produce a particle size of approximately 20 m, and then pressing these powders into small, cylindrical, green compacts with a mass of approximately 0.5 g. These small cylinders were designed to fit directly into the boron-nitride sample holder of the VSM. Prior to heating in hydrogen, the sample tube of the VSM was twice evacuated to 8 ϫ10 Ϫ2 mbar. The magnetic changes that occurred during hydrogen absorption, desorption, and disproportionation of the SmFe and SmFeTa alloys were monitored using a VSM equipped with an oven capable of heating the samples to 1000°C in either a vacuum or a gaseous atmosphere; in the latter case, the VSM-based method operates at a constant pressure of 1 bar, irrespective of the temperature.
The HDDR cycle consisted of the following three stages: Stage A, the samples were heated at 4°C/min to 750°C in hydrogen; Stage B, the samples remained under hydrogen at 750°C for 60 min before we switched to a vacuum (8 ϫ10 Ϫ2 mbar was achieved in 10-12 min͒ for approximately another 60 min; Stage C, the samples were cooled in a vacuum at 4°C/min to room temperature. For both materials, the three-stage experiments were repeated three times: Cycle 1, Cycle 2, and Cycle 3. Figure 1 has the results from the SmFe alloy. For Cycle 1 ͑the black circles͒, we see an initial drop in magnetization with temperature up to 125°C, at which point we observe a rapid increase in magnetization despite an increasing temperature. At 170°C, the magnetization ceases to increase any further, and from then on we observe a steady decline in the magnetization for about the next 200°C, with the T C of the hydrided Sm 2 Fe 17 -type phase found at 254°C and that of the SmFe 3 phase at 386°C. From this minimum in the magnetization, further heating causes a steady increase between 398°C and 505°C before a more rapid increase takes place up to 598°C. The magnetization of the sample then decreases at an increasing rate until the end of the experiment at 750°C.
III. RESULTS
Cycle 2 ͑the gray circles͒ contains the same basic reactions and T C 's as Cycle 1 but with some significant differences. The initial hydrogenation reaction has clearly divided into two separate reactions. As with Cycle 1, the magnetization then decreases and the hydrided Sm 2 Fe 17 -type phase has its T C again at 254°C. At ϳ380°C, there is almost no indication of any T C ; however, there is still clear evidence for a smaller disproportionation reaction associated with the SmFe 3 phase. Compared to Cycle 1, the main disproportionation reaction of the Sm 2 Fe 17 -type phase is now much faster: 3.44 emu g Ϫ1°CϪ1 as opposed to 0.93 emu g Ϫ1°CϪ1 . Cycle 3 ͑the open circles͒ closely resembles Cycle 2. The main difference is the shift in the initial hydrogenation to a single reaction at 186°C, the absence of any T C associated with a SmFe 3 phase and any subsequent disproportionation in the range 420-500°C. The T C of the hydrided Sm 2 Fe 17 -type phase remains the same at 254°C, as does the disproportionation reaction between 506°C and 594°C. Figure 2 has the results from the SmFeTa alloy: Cycles 1 ͑black circles͒, 2 ͑gray circles͒, and 3 ͑open circles͒. Although similar to the SmFe alloy in their basic forms, they exhibit some significant differences. The initial hydrogenation reaction remains single stage for all three cycles, with each subsequent cycle seeing the start of the reaction at a higher temperature: Cycle 1, 141°C; Cycle 2, 160°C; and Cycle 3, 192°C. After a peak in the magnetization, each curve indicates a T C for the material as follows: Cycle 1, 250°C; Cycle 2, 257°C; and Cycle 3, 258°C. In the hightemperature part of the graph in Fig. 2 , it is clear that the Cycle-1 curve is very different from the subsequent cycles. Not only does it exhibit a T C at 388°C and a subsequent disproportionation beginning at 402°C, but the main disproportionation of the Sm 2 Fe 17 -type phase is delayed and much slower with the peak in the magnetization not occurring until 702°C in comparison with 660°C and 665°C for Cycles 2 and 3, and less than 600°C for all of the SmFe-alloy cycles.
IV. DISCUSSION
The hydrogenation of the Sm 2 Fe 17 -type phase of the Sm 13.7 Fe 86.3 ͑SmFe͒ material is clearly dependent on the number of HDDR cycles to which the material has been subjected. This kind of reaction is very dependent on the surface properties of the sample, although the shift from an initial single absorption at 125°C to a two-stage absorption at 54°C and 149°C, and then back to a single-stage absorption at 186°C suggests that the situation may be more complicated than this. The three-component Sm 13.8 Fe 82.2 Ta 4.0 ͑SmFeTa͒ material behaves in a more consistent way with each HDDR cycle delaying the onset of the hydrogenation of the Sm 2 Fe 17 -type phase in the next cycle. Additional differences were found in the T C 's of the hydrided Sm 2 Fe 17 -type phases for SmFe and SmFeTa. For all three cycles, we obtained a value of 254°C-in almost exact agreement with Xiang-Zhong et al. 10 -for the SmFe material, but for the SmFeTa material, the T C increased after the first cycle: from 250°C during Cycle 1 to 257°C and 258°C for Cycles 2 and 3. Such a result strongly suggests that the material was not fully hydrided during the first cycle and/or a significant change had taken place in the material after the first HDDR cycle.
Between 300°C and 400°C, the SmFe and SmFeTa materials behave in a very similar manner. Both materials show evidence for the presence of the SmFe 3 phase with a T C at 386°C ͑SmFe͒ and 388°C ͑SmFeTa͒. The fact that these T C 's are 9°C and 11°C above the reported value for SmFe 3 ͑Ref. 11͒ suggests that the material still contains some hydrogen at the onset of the disproportionation at 398°C ͑SmFe͒ and 402°C ͑SmFeTa͒. It is also clear that the HDDR cycling reduces the amount of SmFe 3 phase present. For both materials, there is practically no evidence for the existence of this phase after a single HDDR cycle.
The disproportionation of the SmFe 3 phase overlaps to some extent with the onset of the disproportionation of the Sm 2 Fe 17 -type phase. Nevertheless, for the SmFe material, we can easily see the effects of repeated HDDR cycling. During the first cycle, the reaction begins at about 500°C and reaches a maximum rate of 0.93 emu g Ϫ1°CϪ1 at 554°C before tailing off with a maximum in the magnetization at 598°C. From this point on, the magnetization is solely a consequence of the presence of iron, and if the experiment were continued beyond 750°C, we would see the T C of the iron at 768°C. The second and third cycles produced almost identical disproportionation reactions with maximum rates of 3.44 and 3.11 emu g Ϫ1°CϪ1 , both at 550°C. This small difference in the point of maximum magnetization increase of only 4°C for the SmFe material is in stark contrast to the difference between the first and second cycles for the SmFeTa material. During Cycle 1 for the SmFeTa, we see a much slower start to the reaction with a peak in the disproportion rate of 0.39 emu g Ϫ1°CϪ1 at 663°C. Cycle 2 has a peak reaction rate of 0.79 emu g Ϫ1°CϪ1 at 617°C-some 46°C lower. The difference in the temperature of maximum disproportionation rate for the SmFe and SmFeTa alloys on the first cycle is just over 100°C, very similar to the result we obtained previously using a gas-flow-analysis technique.
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The slower disproportionation reaction of the SmFeTa material, particularly during Cycle 1, suggests that the tantalum must be stabilizing the Sm 2 Fe 17 -type phase. The difference in the disproportionation reaction between Cycles 1 and 2 for the same material suggests that the tantalum plays a less important role after the completion of the first cycle. This is also born out by the initial hydriding behavior of the SmFeTa. During Cycle 1, we obtained a T C of 250°C while heating the sample in hydrogen, the next cycle gave us a value of 257°C-whereas the values obtained for the SmFe material stayed the same for all three cycles-suggesting that some alteration in the chemistry had occurred. These observations are in very good agreement with out earlier energydispersive x-ray studies on these materials, 12 which indicated that the initial concentration of tantalum dissolved in the Sm 2 Fe 17 -type phase was 2.0Ϯ0.1 at. %. After a single HDDR cycle, this same phase contained only 1.2 Ϯ0.1 at. % of dissolved tantalum, however, it now had Ta 3 Fe 7 nanoprecipitates distributed within the phase.
V. CONCLUSIONS
By using a VSM, a device that can be accurately calibrated in terms of both the temperature and the magnetic moment of the sample, we have a method that can give us precise information about chemical reactions that results in changes to the magnetic state of iron as well as the T C 's of phases as they absorb and desorb hydrogen. The Ta dissolved in the Sm 2 Fe 17 -type phase of the SmFeTa alloy increased the T C of this material.
Both the Sm 13.7 Fe 86.3 and Sm 13.8 Fe 82.2 Ta 4.0 alloys absorb hydrogen below 200°C, however, the repeated cycling of the HDDR process tends to make the material increasingly sluggish in terms of its reaction with hydrogen, probably as a result of samarium evaporation. Once this hydride-forming reaction has occurred though, it increases the T C of the Sm 2 Fe 17 -type phase by more than 100°C with the SmFeTa material needing two or three HDDR cycles to stabilize its chemistry.
The very different behaviors of the SmFe and SmFeTa materials, when it came to an initial disproportionation of the Sm 2 Fe 17 -type phase, can be attributed to the presence of 2.0% of tantalum dissolved in the Sm 2 Fe 17 -type phase of the SmFeTa material. During the second and third HDDR cycles, the differences were less significant due to the formation of Ta 3 Fe 7 precipitates, which effectively reduce the amount of Ta dissolved in the Sm 2 Fe 17 -type phase.
